In humans, exposure to environmental contexts previously associated with heroin intake can provoke drug relapse, but the neuronal mechanisms mediating this relapse are unknown. Using a drug relapse model, we found previously that reexposing rats to heroinassociated contexts, after extinction of drug-reinforced responding in different contexts, reinstates heroin seeking. This effect is attenuated by inhibition of glutamate transmission in the ventral tegmental area and medial accumbens shell, components of the mesolimbic dopamine system. Here, we explored the role of dopamine of the accumbens in context-induced reinstatement by using the D 1 -family receptor antagonist SCH 23390 [R(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride]. Rats were trained to self-administer heroin for 12 d; drug infusions were paired with a discrete tone-light cue. Subsequently, the heroin-reinforced lever pressing was extinguished in the presence of the discrete cue in a context that differed from the drug selfadministration context in terms of visual, auditory, tactile, and circadian cues. When tested in the original drug self-administration context, systemic and medial or lateral accumbens shell SCH 23390 injections attenuated context-induced reinstatement of heroin seeking, whereas accumbens core SCH 23390 injections were ineffective. In contrast, core but not lateral or medial shell SCH 23390 injections attenuated discrete-cue-induced reinstatement in a nondrug context after extinction of lever presses without this cue. Results indicate that activation of medial and lateral accumbens shell D 1 -family dopamine receptors mediate context-induced reinstatement of heroin seeking and provide the first demonstration for a role of lateral shell dopamine in conditioned drug effects. Results also demonstrate novel dissociable roles of accumbens core and shell in context-versus discrete-cue-induced reinstatement of heroin seeking.
Introduction
Environments previously associated with opiate intake can provoke drug relapse during abstinence (Wikler, 1973; O'Brien et al., 1992) . Despite this evidence, the role of contextual stimuli (e.g., the physical characteristics of drug environment, time of day) in preclinical drug relapse models has until recently been ignored (Shalev et al., 2002; Bossert et al., 2005b ). This issue is important for understanding drug relapse, because environmental contexts strongly influence extinction and resumption of learned behaviors (Bouton, 2002) . We adapted a renewal procedure (Bouton and Bolles, 1979) to study the role of environmental contexts in reinstatement of drug seeking . Using variations of this procedure, we and others found that reexposing rats to drug-associated contexts after extinction of drug-reinforced responding in different contexts reinstates heroin, cocaine, and alcohol seeking (Bossert et al., 2004; Fuchs et al., 2005; Burattini et al., 2006; Fletcher et al., 2007) .
Using the renewal procedure, we identified a role for glutamate transmission in mesolimbic areas in context-induced reinstatement of heroin seeking. Injections of LY379268 (1 R,4 R,5S,6 R-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate) [group II metabotropic glutamate receptors (mGluR2 and 3) agonist that decreases evoked glutamate release] into the ventral tegmental area (VTA) or medial accumbens shell attenuated this reinstatement (Bossert et al., 2004 (Bossert et al., , 2006 . The VTA and accumbens shell are the respective cell body and terminal regions of the mesolimbic dopamine system (Fallon and Moore, 1978) . Thus, our findings suggest that the role of glutamate in context-induced reinstatement involves modulation of mesolimbic dopamine function. Consis-tent with this hypothesis, systemic injections of D 1 -family receptor antagonists (SCH 23390 [R(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine hydrochloride] and SCH 39166 [(Ϫ)-trans-6,7,7a,8,9 ,13b-hexahydro-3-chloro-2-hydroxy-N-methyl-5a-benzo-(D)-naphtho-(2,1b) azepine]) decrease context-and discriminative-cue-induced reinstatement of cocaine, alcohol, and sucrose seeking Weiss et al., 2001; Hamlin et al., 2006 Hamlin et al., , 2007 . Also, systemic SCH 23390 injections decrease context-induced increases in Fos expression in accumbens shell (Hamlin et al., 2006 (Hamlin et al., , 2007 .
Based on these studies, we first examined the effect of systemic and medial accumbens shell injections of SCH 23390 on contextinduced reinstatement of heroin seeking. SCH 23390 rapidly diffuses away from its injection site (Caine et al., 1995) , and there is evidence for a role of accumbens core in conditioned drug effects (Everitt and Robbins, 2005) . Thus, we also tested the effect of accumbens core SCH 23390 injections on context-induced reinstatement. There are anatomical differences between medial and lateral accumbens shell in both neuronal morphology and connectivity (Meredith et al., 1992; Voorn et al., 2004; Ikemoto, 2007) , and these subregions play different roles in drug (Ikemoto, 2003; Ikemoto et al., 2005) and food (Basso and Kelley, 1999; Zhang and Kelley, 2000) reward. Thus, we also assessed the effect of lateral accumbens shell SCH 23390 injections on contextinduced reinstatement. Finally, to further assess the role of the accumbens in reinstatement induced by heroin cues, we examined the effect of SCH 23390 injections into the medial shell, lateral shell, and core on discrete-cue-induced reinstatement of heroin seeking. In this procedure, reinstatement of drug seeking induced by contingent exposure to a compound tone-light cue (previously paired with drug infusions during training) is assessed after extinction of lever presses without this cue (See, 2002) .
Materials and Methods
Subjects. Male Long-Evans rats (total n ϭ 273; Charles River Laboratories, Raleigh, NC), weighing 350 -450 g were used. After surgery, the rats were housed individually in the animal facility under a reverse 12 h light/dark cycle (lights off at 9:00 A.M.). Food and water were available ad libitum in the rats' home cage throughout the experiment. Experimental procedures followed the guidelines of the Principles of Laboratory Animal Care (National Institutes of Health publication number 1996) . Seventy-nine rats were excluded because of catheter problems, failure to learn to self-administer heroin, poor health, misplaced or blocked cannulas, or failure to meet an extinction criterion of 25 responses per 3 h.
Intracranial and intravenous surgery. Rats were anesthetized with sodium pentobarbital and chloral hydrate (60 and 25 mg/kg, i.p.), and permanent guide cannulas (23 gauge; Plastics One, Roanoke, VA) were implanted bilaterally 1 mm dorsal to the medial accumbens shell, lateral accumbens shell, or accumbens core, using stereotaxic coordinates (Paxinos and Watson, 2005) that are based on our previous work (Bossert et al., 2006) and the work of Ikemoto (2003 Ikemoto ( , 2007 . The coordinates for the core (6°angle) were as follows: anteroposterior (AP), ϩ1.7 mm; mediolateral (ML), Ϯ2.5 mm; dorsoventral (DV), Ϫ6.0 mm. The coordinates for the lateral shell (4°angle) were as follows: AP, ϩ2.0 mm; ML, Ϯ2.6 mm; DV, Ϫ7.2 mm. The coordinates for the medial shell were either of the following: AP, ϩ1.7 mm; ML, Ϯ1.6; DV, Ϫ6.5 mm (6°a ngle); or AP, ϩ1.7 mm; ML, Ϯ3.6 mm; DV, Ϫ7.2 mm (25°angle). Note that, in initial runs in experiment 2, we used the 6°angle coordinates for the medial shell. However, because the cannulas passed through the ventricles, we performed angiotensin (12.5 ng/side)-induced drinking tests (Johnson and Epstein, 1975) in drug-naive rats that did not take part in the behavioral experiments. These rats were implanted with bilateral cannulas into the medial or lateral accumbens shell (n ϭ 10 per brain site). Our findings from this experiment suggested that medial shell (but not lateral shell) SCH 23390 injections can diffuse into the ventricles in approximately half of the rats. Thus, we adjusted our coordinates to assess the effect of medial shell SCH 23390 (0.6 g/side, n ϭ 4) or vehicle (n ϭ 4) injections on context-induced reinstatement. We found that, with these new coordinates, SCH 23390 robustly decreased contextinduced reinstatement (mean Ϯ SEM of 67 Ϯ 23 vs 8 Ϯ 5 active lever presses per 3 h). On completion of this experiment, we injected these rats with 12.5 ng/side angiotensin and did not observe angiotensin-induced drinking. The data of these rats were combined with the previous runs, and the new 25°angle coordinates were then used for all rats in experiment 3 (discrete-cue-induced reinstatement).
After cannula implantation, silastic catheters were inserted into the jugular vein, as described previously (Shaham et al., 1996; Shalev et al., 2001) . The catheters were attached to a modified 22 gauge cannula and mounted to the rats' skull with dental cement. Buprenorphine (0.1 mg/ kg, s.c.) was given after surgery, and rats were allowed to recover for 7-10 d before behavioral testing began. During the recovery and training phases, catheters were flushed every 24 -48 h with gentamicin (0.08 mg/ ml) and sterile saline.
Systemic and intracranial injections. SCH 23390 hydrochloride (Tocris Bioscience, Ellisville, MO) was dissolved in sterile saline. Systemic injections (2.5 or 5.0 g/kg, s.c.) were given 15 min before the test sessions; doses are based on our previous report . Bilateral intracranial injections (0.3 or 0.6 g/side) were given 5-10 min before testing. These doses are lower than those typically used in studies in which SCH 23390 was injected intracranially to examine its effects on drug reward and reinstatement (Hurd et al., 1997; Ranaldi and Wise, 2001; Anderson et al., 2003; Alleweireldt et al., 2006) , because SCH 23390 rapidly diffuses away from its injection site (Caine et al., 1995) . Intracranial injections were made using a syringe pump (Harvard Apparatus, Holliston, MA) connected to 10 l Hamilton syringes that were attached via polyethylene-50 tubing to 30 gauge injectors. SCH 23390 or vehicle (0.3 l) injections were made over 1 min, and the injectors were left in place for 1 min. After testing, the rats were deeply anesthetized, then they were decapitated, and the brains were removed. Coronal sections (40 m) were sliced on a cryostat and stained with cresyl violet. The brains were then verified for cannula placement under a light microscope.
Apparatus. The rats were trained and tested in standard Med Associates (St. Albans, VT) operant chambers. Each chamber was equipped with two levers located 9 cm above the grid floor. Lever presses on the active retractable lever activated the infusion pump, whereas lever presses on the inactive nonretractable lever had no programmed consequences. The two contexts differed from each other in their auditory, visual, tactile, and circadian [i.e., morning (session onset at 9:00 A.M.) vs afternoon (session onset at 3:00 P.M.) sessions] cues using procedures identical to those described by Bossert et al. (2006) . The contexts are referred to as A and B, whereby A is the self-administration context and B is the extinction context. The physical environments that provided contexts A and B and circadian cues were counterbalanced. Heroin self-administration training and extinction. Rats were trained to self-administer heroin for 3-h/d for 12 d. Heroin (diacetylmorphine HCl; National Institute on Drug Abuse, Baltimore, MD) was dissolved in sterile saline and infused at a volume of 65 l over 2.3 s at a dose of 0.1 (first six sessions) and 0.05 (last six sessions) mg/kg per infusion. During training, heroin infusions were earned under a fixed ratio 1 (FR1), 2.3 s timeout reinforcement schedule and were accompanied by a compound tone-light cue for 2.3 s. During the extinction phase, the procedures were identical to those of training, except that the drug syringes were removed and extinction occurred in a different nondrug context (context B). Test for reinstatement started after a minimum of 14 daily extinction sessions when the rats met the extinction criterion.
Tests for reinstatement. For each experiment, the different groups of rats injected systemically or intracranially with SCH 23390 were matched for their number of active lever presses and heroin intake during training and for the number of active lever presses during the extinction phase.
Experiment 1: systemic injections. In two counterbalanced test sessions (3 h), the rats were injected with vehicle or SCH 23390 before exposure to the training context (A) or the extinction context (B) (tests were performed 48 h apart). SCH 23390 was injected systemically (0, 2.5, or 5.0 g/kg; three groups; n ϭ 10 -11 per group). Each rat was injected in both the training and the extinction contexts with either the vehicle or one dose of SCH 23390.
Experiment 2: accumbens injections. Nine groups of rats were used. Vehicle or SCH 23390 (0.3 or 0.6 g/side) was injected into medial shell (three groups; n ϭ 11-16 per group), lateral shell (three groups; n ϭ 8 -10 per group), and core (three groups; n ϭ 8 -9 per group). Each rat was injected in both the training and the extinction contexts with either the vehicle or one dose of SCH 23390.
Experiment 3: effect of accumbens injections of SCH 23390 on discretecue-induced reinstatement. The experimental procedure consisted of three phases: self-administration training (12 d) in the heroin context (A) in the presence of the discrete tone-light cue, extinction training (10 -16 d) in a different nondrug context (B) in the absence of the tonelight cue and heroin, and tests for discrete-cue-induced reinstatement of heroin seeking (2 d) in context B during which lever presses led to contingent tone-light presentations. The physical characteristics of context A and B were counterbalanced. We used this modified discrete-cueinduced reinstatement procedure to avoid a potential influence of the heroin context on the nonextinguished motivational effects of the discrete cues during testing.
Heroin self-administration training and extinction. Rats were trained to self-administer heroin for 3 h/d for 12 d in context A under an FR1 40 s timeout reinforcement schedule; infusions were accompanied by a discrete tone-light cue for 2.3 s. As in experiments 1 and 2, heroin was infused at a volume of 65 l over 2.3 s at a dose of 0.1 (first six sessions) and 0.05 (last six sessions) mg/kg per infusion. We used a longer timeout period than the one used in experiments 1 and 2 (2.3 s) because, in previous unpublished studies, we failed to obtain reliable discrete-cueinduced reinstatement of heroin seeking in rats trained under an FR1 2.3 s timeout reinforcement schedule. In contrast, we and others observed reliable discrete-cue-induced reinstatement of heroin seeking in rats trained under an FR1 40 s timeout reinforcement schedule (Fuchs and See, 2002; Bossert et al., 2005a) . After training, the rats underwent extinction of lever presses in the absence of the discrete cue in context B.
Tests for reinstatement. The different groups of rats that were tested for discrete-cue-induced reinstatement were matched for their number of active lever presses and heroin intake during training and for the number of active lever presses during the extinction phase. The rats were tested in context B for discrete-cue-induced reinstatement in test sessions in which lever presses resulted in contingent presentations of the conditioned stimulus (See, 2002) , which served as a conditioned reinforcer during testing. In two counterbalanced test sessions (3 h), the rats were injected with vehicle or SCH 23390 before exposure to extinction sessions in the presence (cue condition) or absence (no cue condition) of the discrete tone-light cue. Six groups of rats were used. Vehicle or SCH 23390 (0.6 g/side) was injected into medial shell (two groups; n ϭ 7 per group), lateral shell (two groups; n ϭ 9 per group), and core (two groups; n ϭ 8 -9 per group).
Experiment 4: effect of accumbens injections of SCH 23390 on sucrose self-administration. We assessed the effect of accumbens SCH 23390 injections on lever presses for 5% sucrose solution to rule out motor deficits of these injections on reinstatement. One week after surgery, food was restricted to maintain 85-90% of the rats' free-feeding weight (ϳ20 g of food per day). The rats were first trained over 10 d (2 h/d for 2-3 d and 1 h/d for 6 -8 d) to lever press for 5% sucrose solution (FR1 reinforcement schedule, 0.2 ml per reward delivery) as described previously (Bossert et al., 2006) . When the rats displayed stable responding (Ͻ10% variability over 3 d), we examined the effect of vehicle and SCH 23390 (0.3 and 0.6 g/side) on sucrose self-administration using a counterbalanced within-subjects design. Injections were given every 48 h, and selfadministration sessions (with no injections) were given between the test sessions. Vehicle and SCH 23390 were injected bilaterally into the medial and lateral shell and the core (n ϭ 6 -7 per group).
Statistical analyses. Data were analyzed with the statistical program SPSS (general linear model procedure) (SPSS, Chicago, IL), and significant effects ( p Ͻ 0.05) were followed by Fisher's PLSD post hoc tests. Data from experiments 1-3 were analyzed for total (non-reinforced) active and inactive lever presses. For the statistical analysis of experiments 1-3, the between-subjects factor was SCH 23390 dose and the within-subjects factors were lever (active or inactive) and test context [training (A) or extinction (B)] for experiments 1 and 2 and test condition (cue or no cue) for experiment 3. For the statistical analysis of experiment 4, the withinsubjects factors were SCH 23390 dose and lever. The groups of rats tested with different doses of SCH 23390 had similar mean number of lever presses during the training and extinction phases. Thus, nonsignificant group differences during these phases are not reported. subsequently tested in experiments 1 and 2 (context experiments). The rats demonstrated reliable heroin selfadministration, as indicated by the increase in lever presses when the heroin dose was decreased from 0.1 to 0.05 mg/kg per infusion ( p Ͻ 0.01). Figure 1 B shows the mean Ϯ SEM number of lever presses on the previously active and inactive levers during the first 14 extinction sessions for these rats. As expected, during the extinction phase, response rates decreased over time ( p Ͻ 0.01).
Results
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Tests for reinstatement
Systemic injections of SCH 23390 attenuated reinstatement of active lever presses (the operational measure of heroin seeking) when rats were exposed to the training (heroin) context after extinction in a different (nondrug) context (Fig. 2) . The statistical analysis revealed significant effects of test context (F (1,28) ϭ 75.6; p Ͻ 0.01), lever (F (1,28) ϭ 50; p Ͻ 0.01), SCH 23390 dose (F (2,28) ϭ 7.5; p Ͻ 0.01), SCH 23390 dose ϫ test context (F (2,28) ϭ 6.1; p Ͻ 0.01), lever ϫ test context (F (1,28) ϭ 97.6; p Ͻ 0.01), SCH 23390 dose ϫ lever (F (2,28) ϭ 4.1; p Ͻ 0.05), and SCH 23390 dose ϫ lever ϫ test context (F (2,28) ϭ 6.9; p Ͻ 0.01). The higher but not lower SCH 23390 dose also modestly decreased inactive lever presses in the training context and active lever presses in the extinction context, but these effects were not statistically significant ( p ϭ 0.29 and p ϭ 0.12, respectively).
SCH 23390 injections into medial and lateral accumbens shell but not core attenuated reinstatement of active lever presses when rats were exposed to the training (heroin) context after extinction in a different (nondrug) context (Fig. 3A) . Accumbens SCH 23390 injections had no effect on active lever presses in the extinction context. Figure 3C depicts representative pictures for bilateral cannula placement in medial shell, lateral shell, and core and the approximate injector placements of the injector tips.
Medial shell. The statistical analysis (n ϭ 11-16 per dose) revealed significant effects of test context (F (1,39) ϭ 98.7; p Ͻ 0.01), lever (F (1,31) ϭ 48.3; p Ͻ 0.01), SCH 23390 dose (F (2,39) ϭ 18; p Ͻ 0.01), SCH 23390 dose ϫ test context (F (2,39) ϭ 15.5; p Ͻ 0.01), lever ϫ test context (F (1,39) ϭ 73.2; p Ͻ 0.01), SCH 23390 dose ϫ lever (F (2,39) ϭ 11.5; p Ͻ 0.01), and SCH 23390 dose ϫ lever ϫ test context (F (2,39) ϭ 16.6; p Ͻ 0.01). SCH 23390 injections also decreased inactive lever presses in the training context (F (2,39) ϭ 4.2; p Ͻ 0.05). The interpretation of these inactive lever data are not straightforward. In reinstatement studies, inactive lever pressing is often used as a measure of the effects of drug on nonspecific activity. However, changes in inactive lever presses during tests under extinction conditions can be attributable to the effects of the drug on response generalization (Shalev et al., 2002) . Because SCH 23390 at the doses used here had no effect on high-rate lever presses reinforced by a sucrose solution (experiment 4), we suspect that the effects of SCH 23390 on inactive lever presses observed here are likely attributable to its effects on response generalization.
Lateral shell. The statistical analysis (n ϭ 8 -9 per dose) revealed significant effects of test context (F (1,22) ϭ 82.1; p Ͻ 0.01), lever (F (1,22) ϭ 43.7; p Ͻ 0.01), SCH 23390 dose (F (2,22) ϭ 6.7; p Ͻ 0.01), SCH 23390 dose ϫ test context (F (2,22) ϭ 10.5; p Ͻ 0.01), lever ϫ test context (F (1,22) ϭ 38.2; p Ͻ 0.01), SCH 23390 dose ϫ lever (F (2,22) ϭ 8.4; p Ͻ 0.01), and SCH 23390 dose ϫ lever ϫ test context (F (2,22) ϭ 7.5; p Ͻ 0.01). SCH 23390 injections had no effect on inactive lever presses.
Core. The statistical analysis (n ϭ 8 -10 per dose) revealed significant effects of test context (F (1,24) ϭ 74.1; p Ͻ 0.01), lever (F (1,24) ϭ 30.8; p Ͻ 0.01), and lever ϫ test context (F (1,24) ϭ 56.2; p Ͻ 0.01). No significant effects were found for SCH 23390 dose, SCH 23390 dose ϫ test context, SCH 23390 dose ϫ lever, or SCH 23390 dose ϫ lever ϫ test context ( p values Ͼ0.1). SCH 23390 injections had no effect on inactive lever presses.
Experiment 3: effect of accumbens injections of SCH 23390 on discrete-cue-induced reinstatement Training and extinction
On the last training day, mean Ϯ SEM number of heroin infusions and presses on the active and inactive levers per 3 h for all rats tested in experiment 3 was 18.4 Ϯ 1.6, 118.4 Ϯ 24.6, and 4.5 Ϯ 1.0, respectively. On the first and last extinction session, mean Ϯ SEM number of active lever presses was 33.0 Ϯ 3.9 and 6.2 Ϯ 0.8, respectively. During the extinction phase, lever presses decreased over time ( p Ͻ 0.01).
Tests for reinstatement SCH 23390 injections into accumbens core, but not medial or lateral shell, attenuated discrete-cue-induced reinstatement of active lever presses in the extinction (nondrug) context, after extinction of lever presses in the absence of the tone-light cue in this context (Fig. 4 A) . During testing, active lever presses led to contingent presentations of the tone-light cue but not heroin. Figure 4C depicts representative pictures for bilateral cannula placement in medial shell, lateral shell, and core and the approximate placements of the injector tips. Medial shell. The statistical analysis (n ϭ 7 per condition, 0 and 0.6 g/side) revealed significant effects of cue condition (F (1,12) ϭ 17.9; p Ͻ 0.01), lever (F (1,12) ϭ 30.3; p Ͻ 0.01), and lever ϫ cue condition (F (1,12) ϭ 18.3; p Ͻ 0.01). No significant effects were found for SCH 23390 dose, SCH 23390 dose ϫ cue condition, SCH 23390 dose ϫ lever, or SCH 23390 dose ϫ lever ϫ cue condition. SCH 23390 injections had no effect on inactive lever presses.
Lateral shell. The statistical analysis (n ϭ 9 per condition, 0 and 0.6 g/side) revealed significant effects of cue condition (F (1,16) ϭ 27.3; p Ͻ 0.01), lever (F (1,16) ϭ 40.3; p Ͻ 0.01), and lever ϫ cue condition (F (1,16) ϭ 30.1; p Ͻ 0.01). No significant effects were found for SCH 23390 dose, SCH 23390 dose ϫ cue condition, SCH 23390 dose ϫ lever, or SCH 23390 dose ϫ lever ϫ cue condition. SCH 23390 injections had no effect on inactive lever presses.
Core. The statistical analysis (n ϭ 8 -9 per condition, 0 and 0.6 g/side) revealed significant effects of SCH 23390 dose (F (1,15) ϭ 15.1; p Ͻ 0.01), cue condition (F (1,15) ϭ 26.7; p Ͻ 0.01), lever (F (1,15) ϭ 20.5; p Ͻ 0.01), SCH 23390 dose ϫ cue condition (F (1,15) ϭ 9.4; p Ͻ 0.01), SCH 23390 dose ϫ lever (F (1,15) ϭ 7.6; p Ͻ 0.05), lever ϫ cue condition (F (1,15) ϭ 18.5; p Ͻ 0.01), and SCH 23390 dose ϫ lever ϫ cue condition (F (1,15) ϭ 9.9; p Ͻ 0.01). SCH 23390 injections also decreased inactive lever presses in the cue and no cue condition ( p values Ͻ0.05).
Experiment 4: effect of accumbens SCH 23390 injections on sucrose self-administration SCH 23390 injections into medial and lateral accumbens shell and accumbens core had no effect on sucrose selfadministration ( p values Ͼ0.1) (Fig. 5 ).
Discussion
We found that blockade of D 1 -family receptors in medial and lateral accumbens shell but not core decreased contextinduced reinstatement of heroin seeking, whereas blockade of these receptors in accumbens core but not medial and lateral shell decreased discrete-cue-induced reinstatement. These results demonstrate dissociable roles of accumbens core and shell in context-versus discrete-cue-induced reinstatement of heroin seeking and provide the first demonstration for a role of lateral accumbens shell in conditioned drug effects.
Role of accumbens shell and core in cueinduced drug seeking Accumbens core and shell are heterogeneous structures with distinct immunohistochemical characteristics and afferent and efferent connections (Voorn et al., 1989; Zahm and Brog, 1992) . These neuroanatomical findings led to many studies on core and shell roles in motivated behavior (Cardinal et al., 2002; Kelley, 2004) and conditioned and unconditioned rewarding effects of drugs Figure 3 . Effects of medial and lateral accumbens shell and accumbens core SCH 23390 injections on context-induced reinstatement of heroin seeking. A, Active lever, Mean Ϯ SEM number of presses on the active lever after bilateral injections of vehicle or SCH 23390 before exposure to the training or the extinction context (n ϭ 8 -16 per dose). B, Inactive lever, Mean number of presses on the inactive lever during testing. *p Ͻ 0.05, different from the vehicle condition. C, Cannulae placement, Representative pictures of bilateral cannulas and injector placements and approximate placements of the injector tips (Paxinos and Watson, 2005) ; the numbers on the plates are in millimeters anterior from bregma. (Everitt and Wolf, 2002; Di Chiara et al., 2004; Ikemoto and Wise, 2004) . Our results demonstrating dissociable roles of accumbens core and shell in context-versus discrete-cue-induced reinstatement of heroin seeking are in agreement with the notion that core and shell mediate different aspects of drug-motivated behaviors (Everitt and Robbins, 2005) .
Our results on the role of shell but not core in context-induced reinstatement of heroin seeking are in agreement with our previous findings that medial shell injections of the mGluR2/3 agonist LY379268 decreased context-induced reinstatement of heroin seeking at doses 10 times lower than those required to attenuate this reinstatement after core injections (Bossert et al., 2006) . Our present and previous results are also consistent with those of Hamlin et al. (2006 Hamlin et al. ( , 2007 demonstrating that context-induced reinstatement of alcohol and sucrose seeking is associated with increased Fos expression in medial shell, an effect reversed by systemic SCH 23390 injections. The present results also agree with those of Ghitza et al. (2003) who reported that exposure to discriminative cues that predicted cocaine availability increases neuronal activity in shell but not core.
The present results on the role of D 1 -family receptors in accumbens core but not shell in discrete-cue-induced reinstatement of heroin seeking are consistent with data from several studies using cocaine-trained rats. Fuchs et al. (2004) reported that reversible inactivation (muscimol plus baclofen) of core but not shell decrease discrete-cue-induced reinstatement of cocaine seeking. Everitt and colleagues reported that permanent lesions or antagonism of AMPA receptors in core but not shell decrease discrete-cueinduced cocaine seeking, as assessed in a second-order reinforcement schedule (Di Ciano et al., 2001; Ito et al., 2004) . Using a reversible inactivation procedure, these investigators also demonstrated a role of core but not shell in discrete-cue-induced cocaine seeking, as assessed in an acquisition of a new response procedure (Di Ciano et al., 2007) .
Together, our results and those reviewed above suggest that activation of accumbens core neurons mediates discretecue-induced drug seeking, whereas activation of accumbens shell neurons mediates context-induced drug seeking. However, one issue to consider before accepting this idea is that, whereas in contextinduced reinstatement studies cues are presented independent of the rats' behavior, in studies using discrete-cue-induced reinstatement (See, 2002) or second-order schedule (Goldberg, 1976) procedures, cue presentations are made contingent on lever presses, i.e., the discrete cue functions as a conditioned reinforcer during testing. Thus, an alternative interpretation of the present and previous results is that core-shell differences in motivational effects of drug cues reflect anatomical differences in neuronal Figure 4 . Effects of medial and lateral accumbens shell and accumbens core SCH 23390 injections on discrete-cue-induced reinstatement of heroin seeking. A, Active lever, Mean Ϯ SEM number of presses on the active lever after bilateral injections of vehicle or SCH 23390 before exposure to the cue or no cue condition (n ϭ 7-9 per dose). B, Inactive lever, Mean number of responses on the inactive lever during testing. C, Cannulae placement, Representative pictures of bilateral cannulas and injector placements and approximate placements of the injector tips (Paxinos and Watson, 2005) ; the numbers on the plates are millimeters anterior from bregma.
responses of these subregions to the contingency of cue presentations. Unfortunately, empirical testing of this hypothesis is not straightforward because, whereas noncontingent exposure to contextual or discriminative (Weiss et al., 2000) cues reliably reinstate drug seeking after extinction, noncontingent presentations of discrete cues do not (Grimm et al., 2000) .
The present data on the role of medial shell in contextinduced reinstatement of heroin seeking are in some agreement with results demonstrating a role of this accumbens subregion in conditioned effects of opiate drugs. Bassareo et al. (2007) reported that conditioned cues paired previously with morphine injections increase dopamine release in shell but not core. Harris and Aston-Jones (2003) reported that Fos (a neuronal activity marker) induction after exposure to morphine-paired contexts is more pronounced in shell than in core. However, Sellings and Clarke (2003) reported that 6-OHDA shell lesions have no effect on the acquisition or expression of morphine conditioned place preference (CPP), and Fenu et al. (2006) reported that, although medial shell SCH 39166 (a D 1 -family receptor antagonist) injections prevent acquisition of morphine CPP, these injections have no effect on CPP expression. Integration of findings from studies on conditioned opiate effects in which rats are given noncontingent morphine injections in a distinct context with our findings on context-induced reinstatement of operant responding, however, should be done with caution. It is likely that different learning and motivational processes mediate context-induced reinstatement of operant responding after contingent heroin selfadministration versus opiate CPP.
Finally, there are anatomical differences between medial and lateral accumbens shell (Meredith, 1999; Voorn et al., 2004) , and these subregions play different roles in mediating drug and food reward (Kelley, 2004; Ikemoto, 2007) . Also, Jansson et al. (1999) reported that D 1 receptor expression is higher in medial than in lateral shell. Our data, however, suggest that, for context-induced reinstatement of heroin seeking, dopamine receptor signaling in lateral and medial shell appear equally important.
Methodological considerations
It is unlikely that the effects of systemic or accumbens SCH 23390 injections on reinstatement are attributable to motor deficits. The anatomical specificity of SCH 23390 effects on context-versus discrete-cue-induced reinstatement of lever presses indicates that motor deficits cannot account for our data. Also, although systemic or accumbens SCH 23390 injections had some effect on inactive lever presses during testing (see Results), systemic (5-10 g/kg) or accumbens SCH 23390 injections had no effect on high-rate sucrose self-administration. However, data from drug-naive sucrose-trained rats should be interpreted with caution in the absence of data indicating that chronic heroin exposure does not increase sensitivity to SCH 23390 cataleptic effects.
In vitro studies indicate that SCH 23390 is an agonist of 5-HT 2C (previously 5-HT 1C ) receptors (Hoyer et al., 1989; Briggs et al., 1991), and Fletcher et al. (2007) reported that the 5-HT 2C agonist -1-methylethylamine) fumarate] attenuates context-induced reinstatement of cocaine seeking. However, it is unlikely that the effect of SCH 23390 on context-induced reinstatement is mediated by 5-HT 2C receptors. Bischoff et al. (1986) reported that high systemic doses (3-10 mg/kg) of SCH 23390 bind to 5-HT receptors in frontal cortex but not in striatum or hippocampus.
An issue to consider in the interpretation of our data is that we used different timeout periods in experiments 1 and 2 (2.3 s, context) and experiment 3 (40 s, discrete cue) that led to higher response rates during training in experiment 3. It is unlikely, however, that differences in response rates during training confound the interpretation of our data, because there is little evidence from many reinstatement studies that differences in response rates during training cause qualitative changes in the effects of pharmacological manipulations on reinstatement after extinction (Shalev et al., 2002) .
The effect of accumbens shell SCH 23390 injections on context-induced reinstatement may be attributable to ventricular diffusion. This issue is particularly relevant to our contextinduced reinstatement medial shell results, because our original stereotaxic surgery cannulas were implanted at a 6°angle, which passed through the lateral ventricles. Results from an angiotensin drinking test (Johnson and Epstein, 1975) diffusion of SCH 23390 (see Materials and Methods). However, as mentioned in Materials and Methods, we tested additional rats with 25°angle cannulas that do not penetrate the ventricles and found robust attenuation of context-induced reinstatement by SCH 23390 in these rats. These results and those on the effect of lateral shell SCH 23390 injections (which are farther away from the ventricles) on context-induced reinstatement indicate that ventricular diffusion of SCH 23390 cannot explain its effect on this reinstatement after accumbens shell injections. The effects of lateral or medial shell SCH 23390 injections may be attributable to diffusion to the other shell subregion. This is an unlikely possibility because, for context-induced reinstatement, the distance between the ineffective core injection sites to lateral or medial shell injection sites was shorter than the distance between lateral and medial shell injection sites. The effects on context-induced reinstatement of medial and lateral shell SCH 23390 injections, however, may be in part attributable to diffusion into medial or lateral olfactory tubercle. This is an important issue in light of recent studies on similarities in behavioral effects of psychostimulant drug injections in medial accumbens shell and medial tubercle versus lateral accumbens shell and lateral tubercle (Ikemoto, 2003; Ikemoto et al., 2005) . These behavioral and anatomical data on similarities between afferent and efferent connections of medial tubercle and medial accumbens shell versus lateral tubercle and lateral accumbens shell led Ikemoto (2007) to propose that medial and lateral tubercles are anatomical extensions of the medial and lateral accumbens shell. Within this new framework, our data are interpreted to suggest that both "ventromedial striatum" (medial accumbens shell-medial tubercle) and "ventrolateral striatum" (lateral accumbens shell-lateral tubercle) dopamine receptors contribute to context-induced reinstatement of heroin seeking.
Conclusions
Using a reinstatement model, an animal model of relapse to drugs (Epstein et al., 2006) , we found that lateral and medial shell but not core SCH 23390 injections attenuate context-but not discrete-cue-induced reinstatement of heroin seeking. In contrast, core but not shell SCH 23390 injections attenuate discretecue-but not context-induced reinstatement. These results demonstrate dissociable roles of accumbens core and shell in contextversus discrete-cue-induced reinstatement of heroin seeking. In addition, the present results provide the first demonstration for lateral accumbens shell role in conditioned drug effects; in all previous lesion and microinjections studies on conditioned drug effects, manipulations were limited to medial shell and core (Wise, 2004; Everitt and Robbins, 2005) . Our results raise two questions for future research: the generality of the findings to reinstatement of cocaine seeking and whether core-shell dissociation for context-versus cue-induced reinstatement can be demonstrated with D 2 -family receptor antagonists. Finally, although current neurobiological addiction theories emphasize accumbens core role in drug relapse (Everitt and Robbins, 2005; Kalivas et al., 2005) , our results suggest that accumbens shell activity also contributes significantly to this relapse.
